ABSTRACT
INTRODUCTION
In a hydraulic percussive rock drill, several components will be exposed to large pressure variations during the piston and valve movement. Such hydraulic transients, often referred to as water hammer, are pressure waves caused by changes in flow conditions [1, 2] , e.g. due to opening or closing of valves, starting or stopping of pumps etc. Under severe conditions, this may induce column separation and local cavitation erosion, which can reduce machine life expectancy and thus increase service costs [3] [4] [5] [6] . To avoid cavitation erosion completely, a conservative design approach is needed, which in turn would result in higher costs and/or lower performance. Thus, even if possible, it is not fruitful to remove cavitation completely in most real-world applications. Here, it might be more efficient to minimize the effects of cavitation by a combination of innovative designs and well-tuned operating conditions. This requires better predictions and understanding of conditions initiating and progressing cavitation.
Journal of Fluids Engineering
In most cases the immediate damage from a water hammer comes from high-pressure transients at the rejoining of a separated liquid column, which might directly damage piping and other components [7, 8] . This phenomenon occurs when the stretching of the water hammer reaches a critical breaking point [9] , whereby vapor bubbles start to form at nucleation sites such as microbubbles of noncondensable gases and small suspended particles [10] . The formation and collapse of these bubbles can be regarded as cavitation, although cavitation in general covers a much wider area, including travelling bubbles in flowing liquids [11] . Both local and distributed column separation following the closing of a shutoff valve have been observed by Adamkowski and Lewandowski [12, 13] , among others.
Repetitive water hammer with column separation may induce cavitation erosion, which is one of the major failure mechanisms and cause for reduced life span in hydraulic machinery [9] . Cavitation erosion is believed to be caused by two events: shock waves originating from collapsing cavitation bubbles or clouds of bubbles, and formation of microjets from asymmetrically collapsing bubbles [6, 14] . Both shock waves and micro-jets will induce small regions of plastic deformation to the material, called pits. Overlapping pits is followed by crack initiation/propagation and eventually material loss and possible component failure.
Water hammer phenomena have been studied extensively since the end of the 19 th century, with main focus on water pipeline applications. One of the pioneers was Joukowsky [15] who derived a law for the peak piezometric pressure rise from an instantly closing valve.
More recently, computational models like method of characteristics [2] have become a widespread method to evaluate hydraulic transients. Different discrete vapor-or cavity models extend the capabilities to include the effects from column separation [12, 16] . Computational Journal of Fluids Engineering fluid dynamics have also been used to evaluate the effects of water hammer [17] . The use of numerical methods for water hammer prediction is however outside the scope of this study.
The fluid properties, pressure levels, and spatiotemporal scales analog to flow in hydraulic rock drills differ considerable from previous mentioned studies on column separation and cavitation. In a hydraulic rock drill (Fig. 1a) , a percussive piston is used to repeatedly hit the drills string. Kinetic energy from the piston is transformed to elastic energy in the form of a stress wave that propagates through the drill string into the drill bit, hereby crushing the rock.
The piston is hydraulically actuated by the valve, typically more than 100 times per second, which in turn is actuated by the piston. These rapid variations of flow rate and pressure can cause cavitation with potentially erosion damages on various components (Figs. 1b-d) .
The environment inside a rock drill is extremely harsh with complex interaction between multiple components and physical phenomena, providing limited measurements applicability while making modelling challenging and physical interpretations difficult. It would, therefore, be desirable to isolate the water hammer under more controlled, yet relevant conditions to study both the column separation and cavitation erosion. To decompose the system into a limited number of coupled physics would not only be valuable to outline the parameter dependencies on the cavitation dynamics, but results could also serve to improving simulationdriven cavitation prediction.
The aim with this study was to develop an oil-hydraulic test equipment to assess water hammer induced column separation under operation-like conditions. State-of-the-art simulation and measurement tools were used to design and evaluate this baseline experimental setup. This rig should be able to create water hammer both with and without column separation, under controlled but varying conditions, that mimics known fundamental features, operating condition aspects, as well as expected trends.
METHOD
Design concepts for the experimental setup. To produce a water hammer, the fluid needs to be either accelerated or decelerated, preferably in a pipe. Since column separation occur at low pressures, it is most commonly found downstream of a closing valve. The test equipment would thus need to be able to block a steady flow through a pipe, at the upstream end, while recording the following transient effects in the pipe. The conceptual design (Fig. 2 ) included a pipe with several piezoelectric pressure sensors (P1-P3). A steady flow in the pipe can be stopped by a valve that is manually initiated, while pressure is recorded. The flow rate should be possible to control, e.g. by using orifices of different diameters at the downstream side of the pipe.
To design the system with pressures and flow rates in a range that will create water hammer, both with and without column separation, transients were estimated using a transmission line model (TLM), implemented in the open-source software Hopsan [18] supplemented with an in-house component library. Components were connected using transmission lines with a time delay, allowing the state variables for each component to be calculated independently from state equations of adjacent components [19, 20] . Hopsan has previous been used successfully to model e.g. aircraft systems [21] and hybrid hydraulic drivetrains [22] . Hopsan only solves for the impedance and wave variables of the TLM elements. It detects and avoids negative pressures but does not include any effects of cavitation and is far from able to simulate column separation. Here, the simulation model ( Fig.   7 in the Appendix) was merely used as a design tool to determine dimensions for the valve and operating oil pressure and -flow rates for the system.
The valve itself should be closing fast enough and have a sufficient damping in order not to introduce unnecessary pressure ripples. Pressure levels and flow rates should be adjusted to enable vapor formation and column separation in the pipe. The valve closing speed was affected by both the oil pressure and the valve dimensions. Oil kinematic viscosity and oil density were specified as 46 cSt (4.6*10 -5 m 2 /s) and 870 kg/m 3 , respectively.
The pipe pressure (p) and a proxy of fluid deceleration (Δ Δ ⁄ ), obtained from the transmission line model (Fig. 7) , was used to estimate the cavitation number (GA) = Δ Δ according to Fatjo [23] . This dimensionless parameter describes the relation between pressureand inertial forces and is an indicator of the potential of a flow to cavitate. For higher flow rates, inertial forces seemed to outweigh the pressure forces (GA<1) and column separation would be expected (Tab. 1). ~1 L sized volumes at both sides ( Fig. 3 and Fig. 8 in the Appendix). The diameter of the orifice between the two downstream volumes were used to control the flow rate through the pipe. At the upstream-and outlet tanks, accumulators were used to reduce transients at the inlet and outlet respectively. The accumulators were pre-loaded with a nitrogen pressure of half the oil pressure, i.e. 30 bar and 2.5 bar respectively. The first downstream tank had no accumulators since it was used to reflect the water hammer. Dimensions for the pipe and volumes can be found in Tab. 3 in the Appendix.
In the tanks (inlet, downstream and outlet), the static pressure was recorded using piezoresistive pressure sensors and the temperature was measured with a thermocouple (Fig. 9 in the Appendix). Furthermore, the steady-state flow rate was measured at the inlet with a gear type flow meter (Tab. 4 in the Appendix). Along the pipe, the transient pressure was recorded with piezoelectric pressure sensors (Tab. 4) at three different locations: P1=100 mm, P2=380 mm, and P3=660 mm, from the pipe opening. The valve position was measured by laser ( Fig. 10 and Tab. 4 in the Appendix), using the valve housing as reference position. for each configuration, resulting in a total of 110 tests; the first two for each configuration were discarded, to ensure more steady conditions, and 8 tests for each configuration were used for average (AVG) and standard deviation (STD) parameters.
The inlet pressure was kept constant at 60 bar for all tests. The temperature was not controlled during the experiments, only recorded. The kinematic viscosity of the oil (Shell Tellus S2 V46 [24] ) was in the range of 40-90 cSt (4*10 -5 -9*10 -5 m 2 /s). The density was =859±4 kg/m 3 and the bulk modulus was K=1.52±2 GPa, at atmospheric pressure. For the given conditions, the wave speed was expected to be in the range of a=1330±4 m/s, according to
, assuming a rigid pipe with compressible fluid. The saturation vapor pressure was below 0.5 Pa at 20 °C, according to estimates [25] , and expected to increase with increased temperature [26] .
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The results from the simulations were used for comparison. Both the CV (Fig. 7a ) and the valve (Fig. 7b) were replaced with valve position data from the experimental measurements (Fig. 4a) . Inlet-and drain pressures were set to the average of the measurements.
RESULTS
The flow rates were in the range 3. (Fig. 4) . The largest difference in valve closing could be seen after the valve enters the pipe opening (Figs. 4b and 4c) , where the lowest flow rate (2 mm) experienced a significant slow-down of the valve velocity, while larger flow rates (3 -5 mm) showed almost no such effects. Standard deviation of valve position was less than 0.04 mm, or 2 % of the stroke length. The highest valve velocities were reached just before the valve enters the pipe.
An increase in flow rate resulted in higher valve velocity.
Pipe pressure response. For low flow rate (Fig. 5a ), the water hammer was the dominating feature, with a phase delay of around 2.2 ms (f=455 Hz), in line with well-known water hammer theory [1, 2] and the expected wave speed. The time delay between measuring points were also as expected. No signs of cavitation were seen. Damping from various losses was extensive, and after 20 ms from valve closing most transients were suppressed. At intermediate flow rate (Fig. 5b) , the water hammer amplitude increased as expected, but with initial evidence of cavitation onset, observed as short-duration pressure spikes in the first two water hammer pulsations. The overall pressure variations were at this flow rate dominated by the water hammer effects, and the phase delay was equal to the measurements at lower flow rates. At higher flow rates (Fig. 5c) , the pressure response appeared to be governed by cavitating flow, with less periodic water hammer patterns and much higher frequency content. Here, four highpressure peaks with subsequent time delay reduction could be observed, before returning to the expected water hammer frequency. Pressure pulsations before the first collapse, and between successive collapses, seemed to appear at twice the water hammer frequency (f=916 Hz). At the highest flow rate (Fig. 5d) , the most elevated pressure amplitudes could be seen, Journal of Fluids Engineering with a clear delay to the first collapse (15 ms) compared to the former cases (4mm≈ 8 ms, 3mm≈ 7 ms). Contrary, here the following collapses seemed to appear more frequently.
For flow rates up to cavitation inception (Fig. 5a ), the TLM simulations performed well with initial water hammer transients highly similar to the measurements. The damping from losses and leakage were not as prominent in simulations and a small difference in time delay could be observed. At intermediate flow rate (Fig. 5b) , the model still captures the overall characteristics, but not the short-duration pressure peaks. At increased flow rate (Figs. 5c and 5d), simulations could only predict transients until the point of cavitation (≈ 5-6 ms). During column separation, the TLM results showed no similarity to the measurements. After a few odd pulsations, the simulations quickly returned to water hammer behavior. Column separation and rejoining could not be observed in the simulations.
Oil temperature dependencies and pipe angular effects. The variation in oil temperature showed a clear impact on column separation patterns (Fig. 6) , where an increase in temperature reduced the pressure amplitude and number of collapses (Fig. 6a) . Within the tested temperature span, however, the reduction in pressure amplitude seemed to only be substantial for lower temperature ranges (Fig. 6b, <32 °C) . The time to the first collapse (Fig. 6a,   T1 ) did not change markedly against temperature (Fig. 6c, 1 st ) , while an increased time delay was noticed for the subsequent collapses (Fig. 6a, T2 and T3) . Again, this effect seemed to be less pronounced for temperature above 32 °C in this case (Fig. 6c, 2 nd and 3 rd ) . In addition, the timing between the second and third collapse appeared insensitive to temperature changes.
The circumferential angular test did not show any notable difference between collapse pressure amplitudes (Fig. 6b ) nor time delay (Fig. 6c ).
DISCUSSION
A test equipment able to produce a water hammer, with and without column separation, in a rigid steel pipe was successfully developed in this study. Several tests were performed at different flow rates, showing good repeatability on measured pressures at different positions along the pipe. Although the valve allowed for a small amount of leakage, which likely would have some damping effects on the transients, the behavior followed expected trends. That is, higher flow rates, with increased inertial forces, resulted in liquid column separation, while the TLM simulations managed to predict the water hammer, but not the column separation. In addition, thermal effect on cavitation seemed to be more prominent at lower temperature ranges (<32 °C), while angular measurements suggest a planar, symmetric pressure wave.
At the lowest flow rate (Fig. 5a ), the damping was extensive and the ideal water hammer (Fig. 2) could not be observed. In addition to friction losses, the leakage in the valve was quite large compared to the steady-state flow rate (Tab. 2). Considering these damping effects, the pressure waves appeared as expected according to water hammer theory. At intermediate flow rate (Fig. 5b) , the relative leakage was reduced and seemed to have less contribution to the damping. The pressure pulsations showed similarities to the ideal water hammer with some effects from friction losses. In addition to the water hammer, narrow highpressure spikes could be observed at the initial waves, which indicates separation and rejoining of a liquid column. Further increase in flow rate (Fig. 5c ) caused a separation of the liquid column, with a completely disrupted water hammer for a longer duration (~20 ms). Here, the most prominent feature of the pressure signal was the high-pressure peaks from the liquid column rejoining/cavitation bubble collapse, which seemed to increase with the oil flow rate (Fig. 5d) , as expected from previous work [12, 13] . The low-amplitude pressure wave patterns observed between cavitation collapses, may suggest a reduction in liquid column length (or increase of gas content), findings which were more distinct in the central part of the pipe (Figs.
5c and 5d, P2). This might be caused by cavity zones that appear primarily at the valve, but which also have been observed at other cross-sections along the pipe [13] .
The TLM performed, as expected, well until column separation (Figs. 5a and 5b ). The leakage in both the model and in experiments were similar, but the damping effects on the pressure transients were more visible in the experiments. The TLM were not able to account for the column separation (Figs. 5c and 5d); however, it accurately predicted the behavior up to the point of cavitation inception. Considering the speed of the simulations, this tool is valuable in applications with no cavitation or finding the onset of cavitation.
The cavitation phenomena showed clear dependency on the oil temperature in the lower range (Figs. 6b and 6c), with more frequent and high-amplitude collapses compared to more elevated temperatures. In the recommended working range for the oil (35-50 °C), no such dependency was observed (Figs. 6b and 6c ). Higher temperatures were not investigated.
Temperature control and cooling was not considered in this study and the temperature tended to rise when the test rig was operated (Tab. 2). The increase in temperature was more prominent for higher flow rates. It could be observed that the effects from increased temperature, longer cavitation duration and lower collapse amplitude, are similar to those of increased air content [27] . Although the temperature only showed major influence at lower temperature ranges, typically outside operating conditions, the cavitation sensitivity to temperature needs further investigation.
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The pipe diameter was considered representative of the conditions in a rock drill. The pipe length was limited by feasibility in both production and operation. A long pipe was desired since this meant lower frequencies, which are easier to measure, and makes the valve closing time short compared to the wave travel time. The volume at the downstream end of the pipe reflects and reverses the incoming pressure wave. This was vital for the water hammer to continue. The valve closing speed was increased at higher flow rates, probably a result from the reduced pressure in the pipe. For simplicity, the CV and the valve (Fig. 7a) was replaced with experimental data. This approach was sufficient for concept evaluation and to assess the domain of validity for the TLM model. For further studies, with more emphasis on the numerical results, it might be desirable to implement a more accurate valve model.
The inertia of the gear type flow meters made them suitable to measure only the steady-state flow in the test equipment, and changes in flow rate could not be captured appropriately. Thus, the leakage due to valve clearance had to be determined when the system had reached its new steady-state. The leakage flow rate was in the lower part of the measuring range, especially in the case with a 5 mm orifice, which used the larger model flow meter.
However, the measurements did still provide good estimations for the size and trends of the leakage. Although the leakage may contribute to the dissipation of pressure waves it does not affect the overall characteristics of the water hammer and column separation.
To conclude, the test equipment with a fast-closing valve successfully produced a water hammer in mineral oil, both with and without column separation. Simulations showed good agreement for pure water hammer but failed to predict column separation. Column separation seemed to be affected by the oil temperature in certain ranges and needs further investigation.
The set-up developed here is well suited for further analysis of cavitation phenomena, both via direct experiments as well as providing reference data for numerical simulations.
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